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Abstract 
We used laboratory experiments covering a wide range of carbon dioxide (CO2) induced seawater acidification to 
simulate ocean CO2 storage and assess the potential effects on heterotrophic microbial processes associated with 
labile dissolved organic matter (DOM). There was no noticeable effect of increased CO2 concentration on short-term 
decomposition of labile DOM or nutrient uptake. However, microbial activities producing new  DOM were 
apparently enhanced under treatments with 2000 or 5000 ppm CO2. Under these conditions, production of aggregates 
was inhibited in early stage. Both of acute and chronic effects should be included for assessment of biogeochemical 
cycle related to microbe process. 
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Atmospheric carbon dioxide (CO2) is one of the main drivers of the greenhouse effect. As a result of 
human activities, atmospheric CO2 levels have increased over the past 250 years from pre-industrial 
levels of 280 ppm [1] to nearly 391 ppm (2011 average annual concentration by the National Oceanic and 
Atmospheric Administration (NOAA) in the United States). CO2 capture and storage (CCS) is one of the 
options for climate change mitigation, and ocean storage is one pathway of CCS [2]. There are two types 
of ocean CO2 storage: direct injection into bathypelagic seawater and sub-seabed storage [2]. Both types 
of CO2 storage technologies involve the risk of CO2 directly injected to or potentially leaked from seabed 
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to seawater, respectively, and require assessment of the impacts of high CO2 levels and the related 
acidification on the marine environment. 
 
The acute and chronic effects of seawater acidification on marine organisms are crucial factors for 
environmental assessment. The acute effects of high levels of CO2, simulating the extremes of ocean CO2 
storage through injection, have been investigated by using various organisms (e.g., [3 5]). Among marine 
organisms, heterotrophic prokaryotes are useful as tools for estimating both acute effects on organisms 
and chronic effects on the environment, because heterotrophic marine microorganisms mediate not only 
biogeochemical cycles but also the functions of marine ecosystems [6]. In the ocean, most organic matter 
is generated through primary production. Dissolved organic matter (DOM) is generated from detritus or 
planktonic exudates. Labile DOM is used by heterotrophic bacteria and redistributed as inorganic carbon 
and nutrients. A portion of particulate organic matter (POM) and co-aggregated DOM is transported to 
the deep sea as sinking particles. Refractory components of DOM in seawater are the largest reservoirs of 
organic carbon on E erefore, in evaluating CCS technologies, it is important to consider 
potential changes in biogeochemical cycling of organic matter. 
 
Previous laboratory experiments simulating extreme CO2 injection for ocean storage have shown that 
acidification depresses heterotrophic prokaryotic production [7 9], nitrification [10] and several types of 
extracellular enzyme activity [11]. Recently, various studies [reviewed by 12] have investigated the 
biological effects of ocean acidification, which occurs as a result of atmospheric CO2 increase. Several 
ocean acidification studies have reported the effects on heterotrophic prokaryotes themselves and on the 
related biogeochemical cycles (reviewed by [13]). Under future atmospheric CO2 levels (about 1000 
ppm), no or no negative effects have been observed in the prokaryotes or in the DOM pool. Slight 
positive effects have been observed in some biogeochemical processes, including some extracellular 
enzyme activities and the production of transparent exopolymeric particles (TEP). In this study, we used 
laboratory experiments over a wide range of CO2 concentrations, simulating ocean CCS, to examine the 
effects of acidification on microbial processes involving labile DOM. 
 
2. Materials and Methods 
 
2.1. Experimental procedure 
 
Surface seawater was collected from an offshore station (35°07 N, 139°28 E) in Sagami Bay, Japan, 
on 11 November 2006. The seawater sample was stored for about 1 year at room temperature in the dark 
until use. Just before the experiments, the sample was filtered through a 0.7- -fiber filter (GF/F; 
Whatman, Maidstone, UK). Five-liter aliquots of filtered seawater were bubbled for 48 h with air 
containing different concentrations of CO2. Bubbling with laboratory air containing approximately 500 
ppm CO2 resulted in a pH of 8.1. Bubbling with air containing 2000, 5000, 10000, or 20000 ppm CO2 
yielded pHs of 7.6, 7.3, 7.1, and 6.8, respectively. Sample pHs were measured with a pH meter with a 
glass electrode (model F-55; Horiba, Kyoto, Japan) calibrated against National Bureau of Standards 
(USA) buffers. 
 
For each acidified seawater sample, 500 mL aliquot were poured into four glass bottles. NaNO3 and 
NaHPO4 were added at concentrations of 15 mol-N L 1 and 0.7 mol-P L 1, respectively. As an 
analogue of labile DOM, glucose was added to duplicate bottles at a concentration of about 300 mol-C 
L 1. The other two bottles were run as controls without glucose addition. The samples and controls were 
incubated at 20 °C in the dark. Samples of incubated seawater were collected from each bottle at intervals 
over a 30-day period. Subsamples collected at 0, 1, 3, 7, 14, 22 and 30th days were analyzed for dissolved 
organic carbon (DOC) and nutrients (NO3 and PO4). Subsamples collected at 0, 3, 14 and 30th days were 
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analyzed for microscopic observation of prokaryotic cells. To maintain the CO2 and pH conditions, the 
samples were bubbled occasionally with gas mixtures (at intervals of one day to 7th day, two days to 22th 
day, and three day to 30th day) corresponding to those used in the initial treatment. 
 
2.2. DOC and nutrient measurements 
 
For measurements of DOC and nutrients, subsamples were filtered through GF/F filters. DOC was 
measured with a total organic carbon analyzer (TOC-5000, Shimadzu, Kyoto, Japan). NO3 + NO2, NO2, 
and PO4 were measured with an auto-analyzer (QuAAtro 2-HR, BLTEC, Osaka, Japan). NO3 




Prokaryotic cells were stained by using the 4 ,6-diamidino-2-phenylindole (DAPI) staining method 
[14]. For observation of prokaryotic cells, subsamples were fixed with neutral buffered formaldehyde at a 
final concentration of 0.74% (w/v) and stained with L, final concentration). A 2-mL 
aliquot of stained sample was filtered onto a black Nuclepore membrane filter (Whatman). Filters were 
mounted on microscope slides with low-auto-fluorescence immersion oil (IMMOIL-F30CC, Olympus, 
Tokyo, Japan) and observed under an epifluorescence microscope equipped with 100-W mercury lamps 
(BX51N-34-FL2, Olympus). Photomicrographs were obtained for the fields observed. 
 
3. Results and Discussion 
 
Figure 1 shows the time courses of DOC, NO3, and PO4 concentrations. In the controls, there was no 
observed decrease in DOC or nutrient concentrations during incubation at any CO2 concentration. 
Because the original seawater sample had been stored for a long period (1 year) after sampling, it appears 
that the ambient labile DOM had already decomposed by the start of the experiment. DOC concentrations 
decreased rapidly in the glucose-added samples between days 1 and 3, from about 470 to 170 mol L 1. 
Because the decrease in DOC (i.e., 300 mol L 1) was equivalent to the amount of glucose added, these 
results suggest that the added substrate was almost completely decomposed within only 3 days. We found 
no difference in the extent or rate of apparent glucose decomposition among the CO2 concentrations. This 
implies that the acidification had no substantial effect on the decomposition of labile DOM. In a previous 
study of ocean acidification involving a mesocosm experiment [15 17], CO2 concentration did not affect 
the DOC concentration, although the CO2 ranges in these studies were comparatively narrow (190 1050 
ppm). 
 
After day 3, DOC concentrations were relatively constant with time (between 143 and 207 mol L 1) 
at a CO2 concentration of 500 (air), 10000, or 20000 ppm. On the other hand, DOC concentrations were 
higher (between 203 and 257 mol L 1) at 2000 and 5000 ppm CO2. This indicates that the production of 
some forms of DOC was enhanced during incubation under the slightly acidified conditions of pH 7.6 and 
7.3. Similar increases in DOC concentration were observed in both the controls and glucose-added 
samples, suggesting that glucose was not a major source of new  DOM. One potential source of the 
DOM produced is microbial CO2 fixation. Our recent studies [9, 18] suggest that acidification increases 
the relative abundance in bathypelagic prokaryotic assemblages of Archaea that might be capable of 
producing proteinaceous DOM via CO2 fixation. 
 
Concentrations of NO3 and PO4 decreased rapidly and concurrently with the DOC decrease in the 
glucose-added samples, whereas nutrient concentrations remained constant in the controls during 
incubations. On day 3, the concentrations of NO3 were below the detection limit (0.01 mol L 1) and PO4 
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decreased to about 0.1 mol L 1 or lower in the glucose-added samples. The low nutrient concentrations
continued thereafter throughout the experiment. For the changes in both DOC and nutrient concentrations, 
we found no difference among the CO2 concentrations. The rapid decrease in nutrient concentrations was
most likely caused by microbial uptake. Similar results were observed in an ocean acidification 
mesocosm experiment [17].
Fig. 1. Time courses of DOC (A, B), NO3 (C, D), and PO4 (E, F) concentrations in control and glucose-added samples bubbled with 
air containing CO2 at different concentrations. Air, ambient air (about 500 ppm CO2); 2k, 2000 ppm CO2; 5k, 5000 ppm CO2; 10k,
10000 ppm CO2; 20k, 20000 ppm CO2. Error bars indicate half the difference between two replicates.
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Fig. 2. DAPI-stained prokaryotes attached to aggregates in glucose-added samples after 3 days. Left and right columns show 
photomicrographs from replicate subsamples of each treatment. Air, 2k, 5k, 10k, 20k indicates bubbling with ambient air, air 
containing 2000, 5000, 10000, 20000 ppm CO2, respectively. Scale bar, 50
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We first considered the observed rapid decrease in DOC concentration in the glucose-added samples 
to be due to active microbial decomposition of the substrate. However, there are other possible 
mechanisms to explain the loss of DOC, including the formation of particulate materials from the 
dissolved phase. We observed that considerable amounts of fluffy aggregates were newly produced by the 
addition of glucose in all treatment. The microscopic fluorescence observations showed innumerable 
DAPI-stained prokaryotic cells clustered on the aggregates from day 3(Fig. 2), suggesting that the 
aggregates created organic-rich hot-spots  of microbial activity. The size of aggregates was different 
between CO2 treatments in day 3 (Fig. 2), although no significant difference was observed after day 14.  
 
For analysis of the photographs in day 3 of glucose-added samples, blue-channel images were 
extracted and converted to black-and-white images by using Photoshop CS6 (Adobe, San Jose, CA). 
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Fig. 3. Relative percent area occupied by different size aggregates where DAPI-stained prokaryotes were clustered in glucose-added 
samples after 3 days. The diameter was determined assuming that aggregates are spherical. Air, 2k, 5k, 10k, 20k indicates bubbling 
with ambient air, air containing 2000, 5000, 10000, 20000 ppm CO2, respectively. Error bars indicate half the difference between 
two replicates. 
 
Figure 3 shows size distribution of each integrated area in a view field of aggregates where DAPI 
stained prokaryotes were clustered in glucose samples in day 3. It indicated that the size of aggregates 
was considerably finer under 2000 and 5000 ppm CO2 than under other CO2 concentrations. Bubbling 
reportedly can promote the aggregation of organic matter by increasing turbulence [19]. The bubbling that 
we used for seawater acidification was performed in the same way in all treatments. It suggests the 
formation and growth of aggregate were inhibited under slight acidification at the early stage. Since the 
integrated areas of DAPI-stained aggregates were comparable among the samples with different CO2 
treatment (data not shown), total cells might be comparable as well.  
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Heterotrophic prokaryotes can release dissolved polymers, and such exopolymers can result in self-
aggregation of exopolymers because of their stickiness [20]. Seawater acidification reportedly induces 
TEP production [21 23], and Passow (2012) [24] suggested that an increase in TEP concentration was 
due to a change of total alkalinity. Presumably the aggregates observed in our study are also attributable 




Our laboratory experiments showed no notable effect of increased CO2 concentration on the short-
term decomposition of labile DOM. However, microbial activities producing new DOM were apparently 
enhanced by some acidification conditions (2000 and 5000 ppm CO2). These conditions could also 
influence the processes involved in organic aggregate formation. In addition to these short-term effects of 
acidification, it is important to examine longer-term effects of acidification on DOM decomposition and 
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